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STATENLENT OF THE PROBEEDQ 

In order  t o  obta in  the  s h o r t e s t  posa ib l s  landing run  

or  the  loweat posaiblrs oslrr ier  w r e a t i n g  gear loads  f o r  a 

given a b p l a n e  wi th  a s p e c i f i e d  loading, i t  i a  nsoeaaary t o  

land a t  tha  minimum energy condit ion.  The minimum energy 

condi t ion  should occur a t  the  s t a l l i n g  &peed but ,  i n  the  

approaah t o  a  landing, a p rac t ioab  minimum must be accepted 

a t  a  apaed s l i g h t l y  h igher  than but aa n e w  t o  s t a l l  a s  pos- 

s i b l e  t o  avoid inadver tant  s t a l l i n g  due t o  a i r  turbulence,  

t o  allow f o r  F l i g h t  path adjustment and f l a r i n g ,  and t o  allow 

time f o r  engine a c c e l e r a t i o n  i n  ease of waveoff. It i s  a l s o  

neceaawy t o  maintain an even g r e a t e r  speed margin above 

a t o l l  i n  the  approach t o  a landing i n  many modern high per- 

formanoe a i r p l a n e s  because the  daaign f e a t u r e s  necessary t o  

obta in  many of the  s a t i s f a c t o r y  s t a l l i n g  a h m o c t e r i a t i c s  

have gf ten  been ~ s a c r i f  i ced  or  oomp~lomised berrause they were 

incompatible with the  design f e a t u r e a  necessary t o  obta in  

the h i  performance suah aa swsspbaek and t h i n  unombered 

wings. 4 One of the e a t f s f a c t o ~ y  a t a l l i n g  c h a r a o t e r i s t i c s  

o f t e n  s a c r i f i c e d  is adequate a t a l l  warning, f n  many a i r -  

planes adequate s t a l l  warning ooours n a t u r a l l y  as a conse- 

quenoe of the  aerodynamic oonditiona aasec ia ted  with t h e  

onset  of the @ta l l ;  i n  o the r s  i t  may be obtained with 



instrumentat ion designed f o r  t h e  purpose. It has been aug- 

gested t h a t  the  instrumentat ion used f o r  s t a l l  warning be 

modified s o  a s  t o  combine wi th  i t s  normal func t ion  the  func- 

t i o n  of i n d i c a t i n g  t h e  margin of l i f t  c o e f f i c i e n t  below s t a l l  

or  correspondingly the  margin of a i r speed  above s t a l l .  The 

ctombined instrumentat ion would then a i d  the  p i l o t  i n  

obta in ing  a s  near a s  poss ib le  a minimum energy landing and 

i n  avoiding s t a l l i n g  i n  the  approach. 

Instrumentat ion used f o r  s t a l l  warning genera l ly  con- 

sists of a  de tec to r ,  an ind ica to r ,  and a  connecting l i n k .  

Most d e t e c t o r s  and the connecting l i n k s  r e q u i r e  l i t t l e  or  no 

modif icat ion t o  make'them capable of present ing  t o  the  ind i -  

c a t o r  s i g n a l s  which may be used f o r  i n d i c a t i n g  l i f t  margin 

a4 w e l l  as s t a l l  warning, The i n d i c a t o r  used f o r  s t a l l  

warning i s  usua l ly  a  c o n t r o l  s t i c k  shaker. Al lo t ing  s t a l l  

warning t o  the sensa t ion  of the  c o n t r o l  s t i c k  v i b r a t i o n  

through the  hand increases t h e  use of the  channels of the  

nervous system ava i l ab le ,  and thus does not impose an addi- 

t i o n a l b u r d e n  on t h e  o ther  senses  which are a l ready  engaged 

i n  t h e i r  normal d u t i e s .  Furthermore, the  s t i c k  shaker i s  

known t o  be acceptable  t o  p i l o t s  probably f o r  t h e  above 

reason. 

When t h e  s t i c k  shaker i s  used as a l i f t -margin  i n d i -  

c a t o r  i t  i s  necessary t o  change the  frequency or  amplitude of 

v i b r a t i o n s  wi th  the  l i f t  margin, Some work has been done i n  



the  indus t ry  toward using t h e  s t i c k  shaker a s  a landing- 

approach-condition i n d i c a t o r  a s  we l l  as a s ta l l -warning  ind i -  

c a t o r  by providing two s t ages  of s t i c k  v i b r a t i o n  of d i f f e r e n t  

f requencies  and amplitudes, one ac tua ted  a t  the  angle of 

a t t a c k  or  l i f t  c o e f f i c i e n t  d e s i r e d  f o r  t h e  landing approach 

and the  o the r  ac tua ted  a t  the  prescr ibed  s ta l l -warning  

margin, This arrangement does not,  however, appear t o  be 

e n t i r e l y  s a t i s f a c t o r y  because i t  would supply no i n d i c a t i o n  

of t h e  magnitude of var ia t ion8  from t h e  d e s i r e d  f l i g h t  con- 

d i t i o n ,  which would theref  ore be d i f f i c u l t  t o  maintain. The 

quest ion has a r i s e n  a s  t o  whether a d e s i r e d  l i f t  c o e f f i c i e n t  

or angle of a t t a c k  could be maintained by the  p i l o t  with 

s u f f i c i e n t  accuracy t o  even tua l ly  allow a s a f e  reduct ion  of 

the  l i f t  margin below the  s t a l l  if he were provided with a 

continuous angle-of - a t t aak  or l i f  t-coeif  i c i e n t  d e t e c t  or . 

which would supply a continuous v a r i a t i o n  of e i t h e r  s t i c k -  

shaker frequency or amplitude, o r  both, over the  d e s i r e d  

range of l i f t  c o e f f i c i e n t ,  

In order  t o  provide some information on t h i s  question, 

two types of t e s t a  were devised us ing  ground s imulator  equip- 

ment i n  the  l a b o ~ a t o r y  s b u l a t i n g  a s t ick-shaker  i n s t a l l a t i o n  

i n  an a i rp lane .  In one type, a number of sub jec t s  were t e s t e d  

t o  determine how wel l  they could maintain a given s t i c k -  

shaker frequency and amplitude by movement of t h e  c o n t r o l  

s t i c k  i n  an e f f o r t  t o  compensate f o r  an imposed a r b i t r a r y  



- - - -  8 ,  
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change i n  s t ick-shaker  frequency and amplitude s imulat ing,  

f o r  example, a change such as might be aseooia ted  wi th  a 

change i n  l i f t  margin i n  f l i g h t .  For these  prel iminary 

test., a l a r g e  number of d i s c r e t e  changes i n  frequency and 

amplitude wi th  change in s t i c k  p o s i t i o n  were used i n s t e a d  of 

a continuous v a r i a t i o n  which dould not be obtained wi th  the  

a v a i l a b l e  equipment. The o the r  type of t e s t  was made t o  

determine t h e  average minisum change i n  atick-shaker fre- 

quency and amplitude t h a t  a sub jec t  could de tec t .  A l l  of 

the  tes ts  were made wi th in  an amplitude range from about 

0.006 t o  0.3 inch (measwed near  t h e  t o p  of the  s t t c k )  and a 

frequency range from about 4 t o  26 oycles  per second. 



CHAPTER I1 

REVIEW OF THE LITERATURE 

A few of the  many papers on s t a l l i n g  (and s t a l l  

warning) and on various types of de tec t ion  devices a r e  men- 

t ioned s ince  they  supply background information t o  the  prob- 

lems concerned wi th  i n d i c a t i o n  of warning t o  the  p i l o t ,  

Both ~ i l r u t h l  and ~ h i l l i ~ s ~  d i scuss  the  requirements 

f o r  s a t i s f  ac to ry  s t a l l i n g  c h a r a c t e r i s t i c s  and p h i l l i p s 3  a l s o  

d iscusses  t h e  oonsequences of poor s t a l l  c h a r a c t e r i s t i c s  and 

the  inf luence  of var ious design f a c t o r s  on t h e  s t a l l i n g  char- 

a c t e r i s t i c s ,  One type of s ta l l -warning system which i s  capa- 

b l e  of i n d i c a t i n g  more than one atage of warning i s  descr ibed 

by ~ u l l i v a n t , k  another  by ~ o u n ~ m a n , 5  and a summary of s e v e r a l  

G i l ~ u t h ,  R. R., *Requiremea$s-- f - o y t  is.t ory Fly ing  Q u a l i t i e s  of Airplanes ." 'Nashinaton: 
Report -3 1943, PP. 8-90 i \ 

L- - -- L- 
P h i l l i p s ,  William H., " ~ p p r e c 9 t i o n  and Predic t ion  

of Flying ~ u a l i t i e s . "  ('?ashinnton: NACA Report 927, 1949, 
P. 32. -"' 

A* .' \ 

B i d  PP. 32, 33. 
.._ --- _ ___- -- -. , 

c2 -\,* 

Bul l ivant ,  Kenneth W., "Theory of Operation of t h e  @tt7e. 

Vane-Type Pres t a l l  Detect or, " Aeronaut ical  Engineer in& 
Review, Vol. 11, Feb. 1952, pp. 44 - 45 

Youngman, R. T., *Development of a R e - s t a l l  
\ 

Detector f o r  A i r c r a f t ,  B r i t f s h  Minis try of Supplg, S&T 
Memo 6 / 5 2 ,  Ju ly  1952, 3 pp. - 



types of s t a l l - n a m i n g  devices i s  desc r ibed  by ~ a l o v c i k .  6 

~ a l o v c i k 7  a l s o  d iscusses  t h e  mer i t s  of var ious types of 

ind ica to r s .  

Some researoh  on t h e  ques t ion  of t h e  proper frequency 

f o r  t h e  b e s t  i n d i c a t i o n  of s t a l l  warning obtained from a 

survey of the  opinions of t e s t  p i l o t s ,  who had. ueed one type 

of c o n t r o l  column shaker,  i s  descr ibed by Bethwaite and 

hngley .8  For t h e  case of changing frequency OF changing 

amplitude, o r  both, the  p e r t i n e n t  quest ion i s  not s o  much 

what frequency or amplitude may be b e s t  de tec ted  bu t  what 

change i n  frequency or  change i n  amplitude is  necessary i n  

order  f o r  the  change- to  be de tec ted .  In o ther  words, f o r  

t h i s  case i t  i s  not t h e  frequency o r  amplitude per se which 

i s  sensed bu t  r a t h e r  t h e '  change i n  these q u a n t i t i e s ,  if' 

g r e a t  enough. This point  i s  discussed i n  t h e  a r t i c l e  on 

Weber 's Law by F'ringle- att ti song and Psychophysics 

Zalovcik, John A., "Summsr of S t a l l  Warning 
~ e v i c e a  .' Washington: NACA TN 267Z, May 1952, 15 pp. 

' ~ e t h i a i t e ,  C. F., and R. A .  h n g l e y ,  " ~ o t e  on 
Research I n t o  Some Aspects of S t a l l  Warning ~ e v i c e s , "  The 

Aeronautics, Cranfield,  Report - No. p, ~ p r i r  

~ r i n ~ l e - p a t t i s o n ,  Andrew Seth,  'Webarts Law * 
h c y c l o p s i d i a  Br i tannica ,  1951 e d i t i o n ,  XXIII, pp. 469-470. 



by ~ o r i n ~ l *  i n  ' r e l a t i o n  t o  various st&li and i s  b&ne 

out by the  t e s t  of t h i s  pager f o r  frequency and amplitude 

a t imul i .  Furthermore, the  l i t e r a t u r e  on experimental  

psychologyll~ 12, '3, 4, '5 shows t h a t  genera l ly  f o r  equal  sub- 

jec t ive  s e n s i t i v i t y  t h e  r a t i o  of t h e  change i n  a t i a u l u a  t o  

the  b a s i c  value of the  s t imulus remains a cons tant  (Weber 'a 

Law) i n  the  middle of the  s e n s i b l e  s t imulus range. lhls 

r e l a t i o n s h i p  has been observed i n  the  senses  of s i g h t  

(b r igh tness  ), hear ing  (loudness and frequency ), ateady 

forcea ,  body v i b r a t i o n  and o the r s ,  Sometimes p a r t  of the  

lo Boring, Edwin Garrigues, "~sychophysics ,  H 

Encyclopaedia Bri tannica,  1951 e d i t i o n ,  XVIII , .  pp. 720-721. 

R ing le -Pa t t i son ,  Andrea Seth, =. e. 
l2 Boring, Edwin Garrigues, 2. c i t e  - 

Handbook S t a f f ,  T u f t .  College:  andbo book of Human 
Engineering Data f o r  Design Engineers ." Tech. Re  t. 
sDc 1 -1-1 NavExos P-643 (Contract ~ 6 o n r L m ,  & 1, ~ t a  
~ ~ l $ L i i i i t .  f o r  Appl. a p .  Psychology, b c .  1, 1 ( a s  
l i s t e d  i n  bibl iography wi th  t h e  exception of P t .  VI). 

'5 Rossnblith,  Walter A., Kenneth N. Stevens, and t h e  
S ta f f  of B o l t ,  Beranek, and Newman: ne and book of Acoustio 
Noise Control - Volume 11,- Noise and  an." WADC Tech. 
Rept, 52-204, U. S. A i r  Force, June 1953, c h a r  - 

I,; 



s e n s i b l e  range i s  c u t  off as, f o r  example, i n  the  sense of 

s i g h t  where with increase  i n  br ightness , rod  v i s i o n  takes over 

where cone v i s ion  leaves  off  and a t  the extreme b r igh tness  

where t e s t s  have probably been discont inued t o  avoid damage 

t o  the  eye. 

The t e s t s  o r i g i n a l l y  devised f o r  t h i s  i n v e s t i g a t i o n  

were s e t  up f o r  the  purpose of determining the  b e s t  ranges 

of frequency and amplitude of s t  ick-shaker v i b r a t i o n  f o r  use 

l i t t l e  u n t i l  a review of the  l i t e r a t u r e  brought out the  con- 

cept  of Weber's law and i t s  modern modif icat ions and s t a t i s  

t i a a l  t e s t s  were designed t o  determine the  s e n s i t i v i t i e s  a t  



CHAPTER If1 

For t h e  airnulator t e s t a  a shaker was a e s i r a d  i n  which 

the frequency m d  amplitude could be va r i ed  independently. 

The a v a i l a b l e  shaker t h a t  mogt nea r ly  f i t t a d  these r equ i re -  

msnts was a p a e m t i o  device. The shaker cons la ted  of a 

double-acting piaton-aylfnder combination equipped with a 

s l i d e  valve. The t r a v e l  of t h e  cy l inder  was cushioned a t  

each end by mans of sp r ings  or  rubber b u f f e r e  between the 

 end^ of the ay l inder  and t h e  ends of the p i r t o n  rod  which 

extended through the  an44 of the  o y l i n d e ~ .  Thle, shaker waa 

at taohed t o  tha  c o n t r o l  a t i c k  by one end of the p i s t s n  rod  

( ~ i g w e  1). 

The frequency of t h e  ahakzsr was var ied  by meana of a 

r e l a y  arranged t o  o s o i l l a t e  t h e  aLide valve. Tthe r e l a y  

operated on in tepmi t t en t  cwlrent suppl ied  through a r o t a r y  

awitoh t w n e d  by an e l a d t r i o  rnoto~.  m a  speed of t h e  motor, 

and henoe the  frequency of t h e  shaker, was var ied  by varying 

the vol tage t o  t h e  motor. 

The amplitude of v i b r a t i o n  of tha s t i c k  w a s  var ied  a t  

a given frequenoy by varying t h e  p r e s s w e  of the  air suppl ied  

t a  t h e  shaker. 

The rslmplituda and frequency-response c lba rac te r i s t i c s  

of the  s t i c k  and ~ h a k e r  combination &s ahown in Figure 2 





Frequency, cps 

FIGURE 2 

FREQUENCY -RESPONSE CALIBRATION OF STICK AND SHAKER C @!BINAT ION FOR 
SHAKER WITH RUBBER BUFFERS. LINES FAIRING THE DATA POINTS 

ARE FOR CONSTANT PRESSURE. TYPICAL WAVE 
FORMS ARE SHOWN AT INDICATED P O r n S  



f o r  the  ahaker with pubber b u i e r s  between the ends' of the 

oyl inder  and ends of the  p ia ton  rod. Sample wave forms are 

a l s o  ahown in F i g w e  2. The double aglplitude of v i b r a t i o n  

was maaswed on t he  a t i a k  just above the. ~haker .  The c a l i -  

b r a t i o n  was obtained by m a n s  of an o p t i o a l  apparatus  which 

mainly oons is ted  of a l e n s  f i x e d  t o  t h e  s t i c k  j u s t  above the 

shaker, a l i g h t  s o w c c  f i x e d  t o  the ground, and a f i l m  drum 

f i x e d  t o  the  ground which contained a s t r i p  of f i l m  moving 

p ~ r p e n d i o u l a r  t o  the Longitudinal d i r e c t i o n  i n  which the 

s t i o k  wae shaking, The rsegonae c h a r a c t a r i e t i c e  a r e  very 

similw wi th  aprPngs i n  place of the rubber buffera ,  except 

t h a t  the m a x i m u m  amplitudes a t t a i n e d  were somewhat smaller .  

For the f i rs t  phase of the airnulator t e a t n ,  a con- 

tinuous' v a r i a t i o n  of f ~ a g u e n c y  and amplitude with v a r i a t i o n  

i n  s t i c k  pos i t ion  was des i red ,  However, becauas of mechani- 

ca l  complexities,  a design permi t t ing  such a v a r i a t i o n  could 

not e a s i l y  be, obtained. A l e s s  oomplex. meohmioal and e l e c -  

t r i c a l  arrangement permit ted changes i n  s t i c k  p o s i t i o n  t o  

produce d i b c r s t a  changes i n  motor r o l t ~ g e  and a i r  pressure  

and henoe discrete changes i n '  frequency and amplitude, This 

yyatem warrr t h e r e f o r e  adopted. The agparatua was oonstructed 

t o  allow dis turbancee ~ i m u l a t i n g ,  for example, an angle-of - 
attactk iohangs i n  flight t o  be ilnposed on the agratem by making 

~ v a i l a b l e  t o  the operator  of the equipment a diatwbknce-input  



o o n t r o l  by whioh the  l rspuency and amplitude of stiok vibra-  

t l o n  could be changed f r o m  ca given ar raferenoe  frequency and 

amplitude independently fl @ t i c k  poei t ion .  

A schernatio diagram of the'arrangarnent is ehown i n  

Figwe 3 .  Pour d is turbance  r a t e s  aa determined by cam apeed 

and cam ahape were aGailable  t o  the  operator.  The range of 

the  d i f fe rence  between s t i o k  diapiaoement and disturbance-  

input-cam displacement, over which shaker operot ion was 

desired,  was divided i n t o  11 p a r t s  ( s t e p s  ), each of which 

c losed  a switch through a switching o m .  Each switch was 

arranged t o  ac tua te  some preae t  frequsnay and ~unpli tude of 

the  shaker through r e l a y s ,  r e s i s t a n c e s ,  and ai r -pressure  

valves ( F i g w e  4 ) , The displaoament of t h e  dis turbance-input  

cam and the  d i f fe rence  i n  diaglacementa of t h e  s t i ~ k  and the  

disturbmnce-input cam were rneaaeed i n  the t e s t s  by using 

MACA s l ide-wire  oon t ro l  p o s i t i o n  transmitters. 

Tha i d e a l  f u n a t i o n a l  c h a r a c t e r i a t i c a  of t h e  apparatus  

f o r  the  f i r s t  phase of the  t e s t a  a r e  I l l u s t r a t e d  by the 

block diagram i n  Figure 5. In add i t ion  t a  the v i b r a t i o n a l  

frequency and amplitude s i g n a l s  from the  shaker, the sub jec t  

may have a l s o  gained aLues from the  nofae of the  s t i c k  shaker 

and t h e  a i r  valves, ' a  light spring-forod feedbock t o  the  

s t i c k ,  and the  i n e r t i a  of t he  cams. An attempt was made t o  



Suitching cam - 11 switches for controlling 
pressurs and slide-valve frequency of shakerl 
actuated by difference of s t ick displacement 
and disturbance-input displacemant 

Control position transmitter 

(difference of s t ick position 
and disturbance-input position) 

cam actuated 
by operator 
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take out the spring-force feadbaok by an a d d i t i o n a l  mechani- 

e a l  l inkage and t o  mask tka noise  by playing back shaker 

noiae previous ly  recorded on tape.  

For the aacond phase of the  tes ta ,  ft w8a des i red  t o  

determine the minimum ohange i n  frsguenCy or  amplitude t h a t  

a sub jec t  could de tee t .  For thiar pwpoee, the  frequency and 

1 1 1 ,  ' 
amplitude s tep-cont ro l  equipment of ~ i g u r e s  j, 4, and 5 waa 

, , irn discbnnectsd.  The amplitude was varied by manual operat  ion  
' ,-i?,.;,, 

; LmL - ,@,@n. q,&-pressure valve and thd frequency was var ied  by . 
= , ' I  . . a : ' "  .I 8 

\ , _ ;  
l, L . 1 '  I - t " ~  - 

manual operat ion of rheos ta t8  c o n t r o l l i n g  the vol tage t o  t h e  

frequency-oontrol motw. 

No provis ion  wae made for determining the  e f f e c t  of 

var ious s teady s t i h k  fo rcea  on t h e  a b i l i t y  of sub jec t s  t o  

aenas changes i n  v ib ra t ion .  When t he  s t i c k  was i n  a posi-  

t i o n  neap n e u t r a l ,  i t  oould be balanced a g a i n s t  the  l i g h t  

force of the  sp r ing  i n  the  oon t ro l  p o s i t i o n  t r a n a i l t t e r  ( ' 1  ~ 
which measured the s u b j e a t  ' a  output ;  otherwise it was 

overbalanced, 
4 ,  
r; 



CHAPTER IV 

PROCEDURE AND RESULTS 

A b i l i t y  of Subjsat  t o  Maintain a Selec ted  

Stick-Shaker Frequenay and Amplitude 

P e s a r l p t i a n  of t ea t s . -  msts were w d e  t o  determine 

how w e l l  a s u b j e ~ t  oould m l n t a i n  a ae leo ted  s t ick-shake 

frequenoy and amplitudb when a r b i t r a r y  d is turbances  i n  the  

form of amplitude and frequency changes ware laposed on the 

system, Two of the  r e p r e s e n t a t i v e  v a r i a t i o n s  of frequency 

and amplitude with s t i o k  diaplaoament t h a t  were t r i e d  a r e  

ahown i n  Figure 6. The v a r i a t i o n s  of e t i o k  v i b r a t i o n  t r i e d  

ware based on the  premise t h a t ,  i n  an ac tua l  app l i ca t ion ,  

the  i n t e n s i t y  of t h e  v i b r a t i o n  should s t a r t  a t  zero a t  some 

angle of a t t a c k  or  l i f t  ooeff i c i e n t  we l l  below the s t a l l  and 

increase  t o  an  uncorafortable l e v e l  just before  the  s t a l l  t o  

provide a warning. Var ia t ion  i n  amplitude of v i b r a t i o n  was 

the re fo re  required,  bu t  i t  was be l ieved t h a t  v a r i a t i o n  i n  

Freqqenay might be more aooura te ly  ssnssed i n  at tempting t o  

hold a given angle of a t t a o k ,  The arrangement8 t e s t e d ,  

t h e r e f  ore, involved lsimultaneous v a r i a t  i ons of amplitude and 

irequenoy. Var ia t ion  A, shorn i n  Figure 6 ( a ) ,  oons is ted  of 

lncreaa ing  t h e  ~ l n ~ p l i t u d e  and fraguanoy in 11 s t e p s  wi th  

rearward a t i c k  displacement. The mximwn amplitude t h a t  





t t a i n e d  a i t h  variation A wae nomfnal3.y 0.05 inch 

i t a t i a n a  of t h e  equipment as evidenced i n  the  

frequency-responac a a l i b r a t i o n  CFlgu~e 2 ) , FOP v a r i a t i o n  B 

daeseaaed i n  the  11 s t e p s  a i t h  rearward atiok diapkacement. 

In variation 8 the r a t i o  of t he  ohangs i n  fraquenoy from one 

s t e p  t o  t h e  next t o  the  fragusnuy of the s t e p  was eons tant  

and t h e  r a t f o  at ohanga i n  W p l i t u d e  Tropl one s t e p  to t he  

next t o  the  amplitude of t he  s t e p  woa near ly  aonstant .  

These oonstant  amplitude an6 frequency r a t i o s  were made ae 

l a ~ g s  as p o ~ r i b l a  f o r  the rangela of amplitude arrd frequency 

obtainable  wi th  the  equipment on the assuinption t h a t  they 

would rep resen t  the  m m i m w n  a v a i l a b l e  equal  e t l rnul i  between 

s tep$.  (!Phis equal -s t imul i  ooneegt wa8 based on W@berts law 

i n  payaho2agy which e t a t e e  t h a t  the r a t i o  of tiha ahange i n  

s t imulus to t he  t o t a l  magnitude of the s t i n u l u s  is a constant  

f o r  the  aubjec t  t o  j u s t  no t i ce  the  ohanga and for aqua1 sub- 

16817 ) I j e o t i v s  p e r ~ e p t l o n  or sensation of t he  shange. 

The pa te  of irnposin$ t h e  disturbanoaaa ~ a n g e d ,  f o r  

frequency, betwssn 0.08 and 8 oyalea g a r  eeoond per second 

and, f o r  double mpl1t;ude. between O and l.2 inohes per  

Pringls-Pat t ison,  Andrew Seth, %. Jit. 

Boring, v l n  Oarriguea, s. 



With v a r i a t i o n  A ( F i g w e  6Ca)) t h e  subjec ta  were 

Znatruots& t o  a e l e o t  a s t e p  wi th  an m p l f t u d e  and frequency 

they t h o q h t  they coula  moat e a a l l y  sense and than  attempt 

t o  mraintcain, or  n u l l  on that ~ t e p ,  For thirs type of va r i a -  

t ion ,  t h e  aubjea ta  were also given a t r a i n i n g  period of about 

10 t o  l5 .minu tes  per  day f o r  about 10 days p r i o r  t o  the  day 

of t h e  tester. For v a t h i t i o n  B ( ~ l g u r e  6 ( b ) ) ,  t he  sub jec t s  

were asked t o  t r y  t o  n u l l  on a t a p  4. Howevsr, t h s r s  were no 

t r a i n i n g  periods preoeding the  day of the  t e s t a  uaing var ia -  

t i o n  I3 s i n c e  t h e  t r a i n i n g  perfods used wi th  v a ~ i k t i o n  A 

appeared t o  have l i t t l e  e f f e o t  on t h e  a u b j a e t t a  performance, 

although t h i a  was not conclus ive ly  determine@. I n  each of 

the  s e r i e s  of t e a t s  a s tandard type of d is turbance  (Figure 7 )  

waa introduced a f t e r  the  sub jec t  spent LO t o  15 minutes 

f ami ln r i e ing  h i m e l f  wi th  the v a r i a t i o n  of frequency and 

amplitude wi th  s t i c k  diaglslcement t h a t  was being used. 

Results,- The r e s g l t a  of tha t e s t a  me ahown i n  

FIgwo 7 f o r  E I ~ V ~ P S L ~  subjec t8  i n  the  form of: f ime h i s t o r i e s  

of the  d i f i e r e n s e  In  d i s p l a c e a e n t ~  of the  s t i c k  and 

dierturbonoa-input oarn ( l a b e l e d  'asubjeat output*)  and time 

hietor iels  of the didsturbance input ,  both expressed i n  inches 

of equivalent n t i c k  displacement. The oorreaponding s t e p s  

are i nd iaa ted  &a t he  apasss between t h e  h o r i e a n t a l  l i n e s  

which rep resen t  the switoking poZnta betwean s tepa .  A 

,.I 6::: per fec t  oompanaat i~n would ba inclioated fn t h e  f i g u r e  by a 



(4 h , ~ z a q ;  Prequcncy ami (bl beroaming fn- and 
i ~ 1 ~ r n . a  ~ U t u d r  a t h  inmuiag -tub d m  
recuwrrd st iak dimlwuunt r o . n u d  a t i t &  d9.plaemout 
(variation I). (vutat ien B). 

TIHE HISTORIES OF D f S T m C E  INPVP AHD W E M I  O W U T  TERMS OF 
EQUIVALENT STICK DISPUCENEXP SHOWlESG BBILMY QF SUflJECT TO 

MAINTAIN A SELECTED STICK-SHMER FTBQUENCY AND MLITuD'd 



curve contained wi th in  one s t e p .  A f ixed e t i c k ,  or  no corn- 

penaation during a dis turbance input ,  would be ind ica ted  by 

an output e w v e  i d e n t i c a l  t o  the  dis turbance-input  ourve. 

Since p e r f a c t  oompansation aould not  ba expested from a sub- 

j ec t  unlea a s i g n a l s  o ther  than f raquanoy and amplitude 

changes were being received, the  b e s t  performnoa t h a t  could 

be obtained would be a one-step v a r i a t i o n  from t h e  des i red  

nu l l .  

Although more  subject^ ( p i l o t a  and nonpi lo ts  ) were 

t e a t e d  with v a r i a t i o n  A than a r e  ind ica ted  i n  ~ i g % e  7 ( a ) ,  

t he  r e ~ u l t s  a r e  shown p r i n c i p a l l y  f o r  aomparlaon wi th  the 

r e s u l t s  i n  Figura 7 ( b )  f o r  the  sub j s a t ~ l  who were ava i l ab le  

f o r  both  series of t e s t s .  

In  Figure 7 (a ) ,  ~ u b j @ o t ~  1 and 3 had l i t t l e  S U C U ~ S S  i n  

comgenaating f o r  the dis turbance,  whereaa Bubjscts 2 and 4 
had b e t t e r  par formana~.  ft is noteworthy t h a t  (see  

Fkgure 6 ( a )  ) t h e  percentage chongea i n  frequency and m p l i -  

tude a t  the n u l l  po in t s  picked by aubjecta  2 and 4 were 

g ~ e a t e r  than f o r  those picked by subjec t8  I and 3 ,  P i a  
would $%em bo i n d i c a t e  a o o r r e l a t f o n  between gerformanoe and 

p e r c e n t w e  ohanga i n  e t i m u l i  Ba would be expected from 

Weberta l ~ w .  The reault~ i n  Figure 7 ( b )  (where a l l  sub jec t s  

nul l ed  on s t e p  4) I n d i e a t e  t h a t ,  except whs~rs the most rap id  

changes ooourrad, t h e  perf  ormanag of all sub jeota  was such 



that they permit ted a change of only two s tepa  from the  n u l l .  

The ~ 0 r r e s p 0 ~ d i n g  change Fn amplitude i s  about 120 per  cent  

and t h e  ohange i n  frequency i s  about 40 per  cent  

(F igure  6 ( b )  ). It cannot be determined d e f i n i t e l y  whether 
' r  I I 

the s u b j e c t s  were p r imar i ly  sensing a change i n  amplitude o r  

frequency or  both  (wi th  v a r i a t i o n  B ) .  For the  condi t ions  of a ,. 
v a r i a t i o n  A, however, the percentage amplitude v a r i a t i o n  was ' " '! 

I I 

very much smaller  than t h a t  f o r  v a r i a t i o n  B; whereas the  per- :[ ,. 
centage frequency change was of s i m i l a r  magnitude. The sub- ' c  
j e c t s  were the re fo re  apparent ly  using frequency a s  the  p r i -  

* .  1 
mary reference  with v a r i a t i o n  A and poss ib ly  a l s o  wi th  

v a r i a t i o n  B. 
3 

An important f a c t o r  i n  the  use of s t i c k  v i b r a t i o n  as 

L+ an i n d i c a t o r  would be the  a b i l i t y  t o  remember t h e  f e e l  of 
' I  

the  v i b r a t i o n  condi t ion  corresponding t o  a des i red  f l i g h t  .' ' 
' ' I  

condi t ion  over a per iod of time s u f f i c i e n t  t o  complete, f o r  

example, t h e  f i n a l  approach t o  landing, s ince  no f i x e d  

re fe rence  i s  a v a i l a b l e  as i n  a v i s u a l  indioa tor .  This fac -  

tor w a s  not  inves t iga ted  except t o  the  ex ten t  of the  time 

covered by t h e  t e s t s  shown i n  Figure 7 ( b ) ,  o r  about 

35 seconds. Note t h a t ,  i n  a l l  cases  i n  Figure 7(b), at  t h e  - 
, d m  

a end of t h e  t e s t  the  sub jec t s  had r e s t o r e d  condi t ions  t o  

wi th in  one o r .  two s t e p s  of t h e  i n i t i a l  condi t ions  or  wi th in  

60 t o  120 per  cent  i n  amplitude and 20 t o  4 0  per cent  i n  

. frequenoy. 

- 

, I - 8 

I .' - . I . '  . - I.. 

_ I I  1 ,  - 8 - 1 . :  L ,  

. . 
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From the  foregoing r e s u l t s ,  s t i c k  v i b r a t i o n  varying I 

with  angle of a t t a c k  or l i f t  c o e f f i c i e n t  appears t o  be us a- x 
b l e  a a  an i n d i c a t o r  f o r  maintaining a given f l igh t  condi t ion,  

a t  l e a s t  f o r  .a l i m i t e d  period of time, provided t h a t  the  

allowable v a r i a t i o n  from t h e  des i red  f l i g h t  condi t ion,  say 

10 i n  angle  of a t t ack ,  produces e i t h e r  a change i n  amplitude 

of v i b r a t i o n  of 60 t o  120 per  cent  or a  v a r i a t i o n  i n  f r e -  

quency of 20 t o  4 0  per cent ,  or  both. It should be pointed 

out t h a t  sensing t h e  f e e l  of t h e  s t i c k  v i b r a t i o n  corre-  

sponding t o  a des i red  f l i g h t  condi t ion  would probably r e q u i r e  

i n i t i a l l y  f i n d i n g  t h i s  f l i g h t  condi t ion  by reference  t o  some 

o the r  i n d i c a t o r  such as a  visual d i a l  ind ica to r .  Furthermore, 
,1 

v i b r a t i o n s  t r ansmi t t ed  t o  t h e  s t i c k  from t h e  a i r p l a n e  or  

t h e  c o n t r o l s  could have a  de t r imen ta l  &fea t  on the  a b i l i t y  

i of p i l o t s  t o  sense changes i n  v i b r a t i o n s  from the  s t i c k  

shaker;  however, t h i s  f a c t o r  was not inves t iga ted .  

Although a masking noise  was u&d i n  the t e s t s  i n  an 

attempt t o  n u l l i f y  any s i g n a l  t h a t  a  subjec t  could be 

rece iv ing  from shaker and control-equipment noise,  t h e  e f f e c t  

of shaker and c o n t r o l  noise  and masking noise on the  sub- 

j ec t  's performance ' was not  oonclusiv?ly determined. Some I 

t e s t s ,  made wi th  t h e  masking' noise  turned off ind ica ted  no 

no t i ceab le  change i n  sub jec t  performance. A few t e s t s  were 

a l s o  made wi th  the  shaker and c o n t r o l  equipment inopera t ive  

1 
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but  with a s l i g h t  f o r c e  feedback due t o  the  i n e r t i a  of t h e  

switching cam and sp r ings  of t h e  cont ro l -pos i t ion  t r ans -  

m i t t e r s  present  during t h e  d is turbance  input .  A l l  sub jec t s  

t e s t e d  except one found sensing t h i s  f o r c e  feedback aa 

d i f f i c u l t  a s  sensing v ib ra t ions ,  p a r t i c u l a r l y  i n  t h a t  no 

ind ica t ion  of t h e  o r i g i n a l  n u l l  was a v a i l a b l e  t o  the  sub jec t .  

One sub jec t ,  however, was a b l e  t o  do b e t t e r  with i n e r t i a  

feedback than  anyone was ab le  t o  do wi th  v ib ra t ions  ( r e s u l t s  .- 
not  shown). Nevertheless, t h e  l a c k  of a  n u l l  ind ica t ion  

over a  long period of time was de t r imen ta l  t o  h i s  performance 

a lao .  

A b i l i t y  of Subject t o  Detect Changea 

i n  Frequency or  Amplitude 

Descript ion of t e s t s . -  In  the  t e s t s  t o  determine t h e  

a b i l i t y  of a subjec t  t o  de tec t  changes i n  amplitude, the  

shaker was f i r s t  s e t  i n t o  opera t ion  a t  some predetermined 

frequency and amplitude and the  a i r  pressure  was noted. 

. After  t h e  sub jec t  he ld  the  s t i c k  f o r  a few seconds o r  long 

enough t o  e s t a b l i s h  a  f e e l  of the  l e v e l  of v ibra t ion ,  t h e  

amplit.uds was increased or decreased more o r  l e s s  continu- 

ously a t  random r a t e s  by the operator  through manual opera- 

t i o n  of the  a i r -pressure  valve. When t h e  sub jec t  r e a l i z e d  

t h a t  the  amplitude had changed, he s ignaled  t o  t h e  operator ,  
r 
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- :who then discont inued t h e  pressure  change, The change i n  
f >.. . 

. pressure  from the  o r i g i n a l  pressure  was observed by t h e  

operator ,  Actually,  the  observed pressure  change, and hence 

the  ind ica ted  amplitude change, was probably somewhat g r e a t e r  

than t h e  value which the  subjec t  f i r s t  f e l t  because of the  

l a g  i n  t h e ,  response of t h e  subjec t  and t h e  operator  and t h e  

f i n i t e  r a t e  of change of pressure ,  

In the  t e s t s .  t o  determine the  s e n s i t i v i t y  of the  

sub jec t  t o  frequenoy change, t h e  procedure was very s imi la r .  

The shaker was f i r s t  s e t  i n t o  operat ion a t  a predetermined 

amplitude and frequency. The frequency was then changed by 

manually a d j u s t i n g  a rheo 's ta t  which c o n t r o l l e d  the  vol tage 

of the  frequency-control 'motor while the  a i r  pressure  was 

kept cons tant ,  t o -  the  case of changing 

amplitude the  observed value of frequency change was prob- 

ab ly  somewhat g r e a t e r  than  t h a t  f i r s t  no t i ced  by t h e  aubject  

because of l a g  i n  opera tor  and sub jec t  response and t h e  

f i n i t e  r a t e  of change of frequency. Because of t h e  response 

c h a r a c t e r i s t i c s  of the  s t i c k  ahd ahaker combination 

. ( F i g u r e  2 ) ,  t h e  amplitude d i d  not remain conatant b u t  changed 

somewhat wi th  change i n  frequency a t  a given pressure.  A s  

'can be seen i n  Figure' 2, the  change i n  .amplitude wi th  change 

i n  frequency .is g r e a t e r  at  the higher  pressures  .and the  lower 

f requencies  f o r  t h i s  p a r t i c u l a r  shaker and s t i c k  combination. 









i n  thsae t s a t a .  This incraaas i n  amplitude sensitivity wi th  

inareaae In  amplitude and frclquenoy i nd ioa tes  tha t  the 

amplitudes and f requencies  used in the t e a t s  ore i n  the  lower 

a t  imulus range. a ~ , ~ 9 , 2 s , ~ i  

The resul ts l  i n  Figwe 9 i n d i a a t e  about the same 

frequency s e a s i t i v i t y  a t  two d i f f e r e n t  amplitudes. Compari- 

Bon of the  r e s u l t s  in Figure 9 with those i n  F i g w e  8 

i n d i c a t e s  t h a t ,  for t he  conditions coveced, t he  sub jec t s  

.were more a e n a i t i v e  t o  frequency changes than t o  amplitude 

cahangeer . 
Sinas no testa were made f o r  frequency s e n s i t i v i t y  a t  

more than one base frequenoy the r e l a t i v e  pos f t ion  of the  

base frequency used with respec t  t o  the  boundaries of the  

sens ib le  stimulus range was not  detsrrnined. H O W ~ V W ,  

r i m i l a r i t y  of the percentage change i n  requi red  , 

/- _- --..- -- -..- - 
-7. 
t o  insu re  de tec t ion  i n  1% per cen-ZiiT€i-icl~s 1 
(40 c e d -  the percentage change i n  frequency requ i red  i 
t k X - 3 5 ~  a l l  but the faatest time pates of change of 

Handbook S ta f f ,  Tufts College, z. 
'9 Chapanis, Alphonse , Wendell R. Garner, and 

C l i f f o r d  T. Morgan, E. &. 
20 Rosanblith,  Walter A * ,  Kenneth N. Stevens, and 

t h e  Staff  of  Bolt ,  Beranek, and Newman, 2. e. 
21 YeFa~land,  Ross A., l i m n  Fsatora i n  A i r  Transport 

Design. MoGrsn-Hill Book C Q . , ~ , ~ ~ ~  

I \ 
- ' ' ; ;;q;' 
- ' f 
I ' lr 

- 8  : 



frequency a s  shown i n  Figure 7 ( a l s o  40  per cent  ) over a base 

frequency range varying from 18.8 cycles  per second 

(Figure 9 )  t o  15 cycles  per  second ( ~ i g u r e  7(b ) ) and 
, . 

10 cycles  per second (Figure 7 ( a ) )  s u b j e c t s  2 and 4 )  where " b' 

an average t o t a l  frequency change requ i red  remained roughly 

40  per  cent  g ives  a rough i n d i c a t i o n  t h a t  t h i s  i s  near the 

middle of the  sens ib le  s t imulus range f o r  frequency, where 

Weber's law may be app l i cab le ,  

The r e s u l t , s  i n  Figures  8 and 9 i n d i c a t e  t h a t ,  i n  

order  t o  insu re  sensing a change i n  s t i c k  v i b r a t i o n  charac- 

40-per cent  change i n  frequency may be requ i red  (changes 

de tec ted  i n  100 per cent  of t r i a l s ) .  These values corresponc 

and amplitudes t h a t  the  sub jec t s  were genera l ly  a b l e  t o  

d e t e c t  and correot  f o r .  as shown i n  Figure 7. 



CHAPTER V 



t he  t e s t s  of t h e  sub jec t s  a b i l i t y  t o  maintain a n u l l  a t  such 

f requencies .  The d i r e c t  determinat ion would, of couree, be 

more des i rab le .  The s e n s i t i v i t i e s  t o  changes i n  frequency 

and amplitude were e s t a b l i s h e d  by these  t e s t s  only a t  i so-  

l a t e d  b a s i c  f requencies  and amplitudes # i n  t h e  range over 

which s t i c k  shakers  have been used. Fur ther  r e sea rch  which 

would e s t a b l i s h  these  s e n s i t i v i t i e s  over the  e n t i r e  s e n s i b l e  

range of frequency and amplitude i s  recommended. 

The l i m i t s  of t h e  b a s i c  f requencies  and amplitudes 

beyond which no changes i n  frequency and amplitude can be 

de tec ted  need t o  be e s t a b l i s h e d  a l s o .  However, l i m i t s  

determined by labopat ory ground s imulators  would probably 

not be the same a s  those a c t u a l l y  e x i s t i n g  i n  an a i r c r a f t .  

Therefore, a rough eat imate of t h e  limits based on an 

es t imate  of t h e  a c t u a l  condi t ions  may be usefu l .  The l i m i t s  

a r e  e'stimated t o  range within the  boundaries of the  cross-  

hatched a r e a  of Figure 10. Also shown i n  Figure 10 a r e  

symbols and o u t l i n e s  r ep resen t ing  the  present  t e s t s .  

The maximum amplitude of s t i c k  v i b r a t i o n  may be 

l imi ted  t o  t h a t  which would deny t h e  p i l o t  a f i r m  g r i p  on 

the  s t i c k ,  which would i n t e r f e r e  with h i s  sensa t ion  of 

normal s t i c k  motions and fo rces ,  which would put dangerous 

s t r e s s e s  on the  c o n t r o l  syatem or  which would cause 

dangerous motions of the  a i r p l a n e  i t se l f ' .  The maximum 
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double amplitude l i m i t a  used i n  Figure 10 wsrs obtained from 

p i l o t a t  opinions which ranged between 1/4 inoh $0  112 inch. 

The minimum amplitude of atiok-shaker v i b r a t i o n  may 

be l i m i t e d  t o  t h a t  which would not ba mahlked by asfrplane or  

oon t ro l - s t l ek  v i b r ~ t i o n  From sources o the r  than the shaker, 

or  which. a r e  j u s t  above the human sensory threshold f o r  

v i b r a t i o n  through the  hand. Pie l i m l t a  shown i n  Figure 10 

fox the minimum double pmplitudo of v i b r a t i o n  were est imated 

as from 0.001 inch  t o  0.002 inoh. ~ c ~ a r l p n d ~ '  desor ibes  

s t u d i e s  i n  which v i b r a t i o n s  e x i s t i n g  i n  a i r o r a f t  without 

serious v i b r a t i o n  ppoblsms were oT t he  order of 0.002 inch. 

It i s  be l ieved t h a t  ampLltude of v i b r a t i o n  i n  j e t  a i r c r a f t  

will be l a s e  than 0.002 inch  i n  the  frequency range of 

i n t e r e s t  hers .  ~ c ~ a r l a n d ~ 3  a l s o  d i scusses  s t u d i e s  of t h e  

human sensory threshold t o  v i b r a t i o n  ( a t  the  f i n g e r t i p )  

which a r e  of the order of 0.001 inoh. 

Ths .minimum frequency l i m i t  of s t i c k  v i b r a t i o n  may be 

t h a t  whioh would ba oonfusad with s t i c k  m t i o n s  a ~ ~ o c i a t e d  

with a i rp lane  motions or  c o n t r o l  motiona ~ e s u l t i n g  from 

normal f l i g h t  maneuvers ; o r  t h a t  whioh would c o r ~ e s p o n d  

approximately t o  t h e  human r e a c t i o n  time period. Abrupt 

* NoFsrland, Roa A * ,  QJ 

23 * I b i d  ' pp. $22-523. 



f l i g h t  maneuvers (pul l -ups)  have contained frequency 

components of a s  high a s  1 cycle  per  second and t h e  human 

r e a c t i o n  time period i s  of the  order  of 1/4 of a . 

seeond. 24.25,26 If the s t i c k  shaker w a s  v i b r a t i n g  a t  about 

the  same frequency a s  a frequency component of the  maneuver 

and bo th  were approximately t h e  frequency corresponding t o  

the  human r e a c t i o n  time, an out of phase r e l a t i o n s h i p  might 

e x i s t  between s t ick-shaker  f o r c e  and the  s t i ck -uon t ro l  f o r c e  

r e s u l t i n g  i n  a c o n t r o l  i n s t a b i l i t y .  Therefore, t h i s  a r e a  of 

f requency.  i s  avoided. Also ~ c ~ a r l a n d ~ 7  (af t e r  Geldard) 

i n d i c a t e s  an increase  i n  t h e  threshold  amplitude a t  t h e  

lower frequencies ,  suggest ing perhaps the decrease i n  sens i -  

t i v i t y  i n  t h i s  frequency range t o  be expected near the lower 

l i m i t  of the  sens ib le  s t imulus range. 

The maximum frequency may be l i m i t e d  by t h a t  corre-  

sponding t o  the  r e f r a c t o r y  period of the  nerve f i b e r  inpulae.  

a Ibid., pp. 327-331. 

25 Handbook S t a f f ,  Tufts College, 2. 

26 Alphonse Chapania, Wendell R. Garner, and 
Cl i f fo rd  T. Morgan, %. G., pp. 230-281. 

27 MaFarlsnd, Ross A., 9' c i t , ,  pp. 322-323, c i t i n g  
F. A .  Geldard *The Perception o ~ z a n i c a l  Vibrat ion.  (I 
J. Gen. Psychol., Vol. 22, 243-308, Apr i l  19b0. 



According t o  Katz, *If the second s t imulus comes wi th in  one 

o r  two thousandths of a second a f t e r  the  f i rs t ,  our nerve 

f i b e r  does not  respond; i t  must have a l i t t l e  r e s t  pause 

a f t e r  one impulse t o  be able  t o  conduct the  next. m28 Thus 

the  maximum frequency beyond which no t a c t i l e  s t imulus may 

be sensed was taken t o  be between 500 and 1000 cyc les  per 

second. Thie may not  be s t r i c t l y  appl icable ,  s ince  a nerve 

cable  i s  composed of many f i b e r s  and a s i g n a l  s e n t  through 

one f i b s r  i n  a given cycle  may be s e n t  through another  

f i b e r  i n  t h e  next ayc le .  Some support  f o r  theee approximate 

maximum frequencies  may be gained from an examination of t h e  

data shown by ~ c ~ a r l a n d ~ g  (af t a r  ~ e l d a r d )  i n  which the  

threshold  amplitude increases  ab rup t ly  i n  t h i s  frequency 

range suggest ing l o s s  of s e n s i t i v i t y  near  these  frequencies .  

From Figure 1 0  i t  appears t h a t  the  g r e a t e s t  a r e a  f o r  

f u r t h e r  r e sea rch  i s  i n  the h igher  f requencies .  

Def in ing  the l i m i t s  of the  working area '  of b a s i c  

frequency and amplitude provides a rough yardstick f o r  the  

usefulness  of t h e  absolu te  values of t h e  s e n s i t i v i t i e s  
A f O A obtained. In  o ther  words if T and T were cons tant ,  

the maximum r e s o l u t i o n  t h a t  could be provided wi th in  the' 

28 Katz, ernhard 'The Nerve Impulse," Solent i f  i c  B h e r i o m ,  vol .  1 7, p. 58, NOV. 1952. 

29 McFarland, Ross A., &. 





CONCLUDING REMARKS 

An explora tory  i n v e s t i g a t i o n  wi th  l abora to ry  apparatus  

was made t o  determine whether a p i l o t  could use s t i c k  vibra- 

t i o n  varying i n  e i t h e r  frequency or  amplitude, o r  both,  with 

I 
angle of a t t a c k  o r  lift a s  an i n d i c a t o r  f o r  maintaining a 

d e s i r e d  margin of angle of a t t a c k  or  l i f t  below the  s t a l l .  

The r e s u l t s  of t h e  t e s t  i n d i c a t e  t h a t ,  once es t ab l i shed ,  a r r  

given f l i g h t  condi t ion  can probably be maintained by aensing 
7 

v a r i a t i o n s  i n  s t i ck  v l b r a t i o n  a t  l e a s t  over the  per iod of d,M 

time covered by the  t e s t s  (35 seconds), provided t h a t  

produce e i t h e r  changes i n  amplitude of v i b r a t i o n  of about -4 
1 changes i n  frequency of about 40 per cent ,  

ranges of amplitude and frequency covered. '4 
with increase  i n  amplitude and frequenoy: s e n s i t i v i t y  t o  

neous v ib ra t ions  from o the r  sources on the a b i l i t y  t o  sense R 
b 

the  v ib ra t ions  produced by the s t i c k  shaker. F 
It i s  recommended t h a t  a more thorough i n v e s t i g a t i o n  li 

be made of t h e  limits of human s e n s i t i v i t y  t o  vibration h 





u k  8 I 
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APPENDIX 



A f Based on the assumption that - = constant, the 
f 

A f r e l a t i o n  between the frequency r a t i o ,  -, the maximum bas ic  
f 

frequency, fn, theminimum basic frequency, f 1, and the number 

of steps or stages ,  nf, can be derived as fol lows:  

Af , 
5 -  - '1 = conatant, K 

fl 

and s imi lar ly  

and s o  on t o  

thus 



theref ore 

and 




